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i ABSTRACT

The entectic solidification process in aluminum-silicon
alloys has been examined through a metallographic study of
slowly cooled and quenched specimens. The use of suitable
etchants to delineate the structures of the Si and 4 phases
and the examination of extracted particles of Si have shown
that the abnormal Al-Si eutectic structure is the result of
the great disparity in the nucleation and growth character-
istics of the two phases. The eutectic Si not only nucleates
readily, butit grows rapidly into a branched-plate structure.
The nucleation of the a phase, requiring a high supersatu-
ration, is retarded and, as a consequence, this phase exerts
very little control in the solidification process. Thermal
data, showing the relative efiectiveness of the two primary
puases in limiting the undercooling preceding the eutectic,
support these observations. ;.

PROBLEM STATUS

This report completes one phase of the problem; work
on other phases is continuing.
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SCLIDIFICATION OF THE ALUMINUM-SILICON EUTECTIC

INTRODUCTION

Portevin (1) classified euiectic structures according to form ints four types, i.e.,
normal, abnormal, and two degenerate types. Recently Scheil and Zimmermann (2} have
discusscd eutectic crystallization using these same structural divisions. The aluminuni-
silicon eutectic structure has always been designated as abnormal, and in {221 o has
become the most widely recognized and accepted example of all of the abnormal cutectin
- systems. The structural characterictics ¢f thie clacs of eutectics, as decrribod py Scheil
and Zimmermann, are defined by comparison with the normal eutectic. Although the
abnormal eutectic may show some vestige of an orderly arrangement of the phases, the
distinct pattern characteristic of the normal for.n 1s weak and often appearrs 16 be entirely
absent. This abnormal fcrm is attributed to the difference in the crystallization param-
eters (the nucleaticn and growth rates), of the two phases and, as a result of this differ-
ence, the interdependence or coupling of the crystallization processes of these phases {s
much weaker than in the normal eutectic. The kinetics of the growth of ore of the phases
dominates the eutectic transformation, and, as a consequence, no well-defined crystalli-
zation {ront exists during solidificaticn. In thc abnormal eutectic one phase is always
present in much smaller quaniity than the other. The eutectic particles of the minor phase
usually take the form of plates or rads ard are surrounded by mantles of the major phase.
The observation, that isothermal eutectic arrests are obtained during the solidification of
these alloys, indicates thati the three-phase equilibrium of the eutectic is achieved and thus,
that the envelopment of the minor phase hy the mantle of the other eutectic phase is not
complete.

From these characteristics of the abnormal eutectic it is clear that the two phascs
are not eguals in determining the mode of solidification; one must dominatec, or lead, the
other. Scheil and Zimmermann {2) have stated that the minor phase becomes partially
envcioped by the major phase. Since the Al-Si eutectic composition occurs at 12.7 w0
Si (3), this would imply that the Si phase leads and becomes partially covered with a mantle
of . (The e designation refers ic tne aluminum-rich terminal solid solution. The symbol
Si is used here to designate the ovther terminal phase which is almost pure silicon.) Thall
and Chalmers (4) in propounding a theory of modification envisior the o phase as project-
ing beyond the Si at the eutectic:liquid interface during the solidification of the unmeodified
alloys. Most of the other investigators do not clearly define the growth conditions of the
euicctic, but some, extrapolating from the observation of extensive ¢ mantles around pri-
mary Si idiomorphs, seem to support the idea that the ¢ phase dominates the transformation.

‘The evidence presented in all of these stuuies is based on thermal data and the exami-
nation of the structures of “unetched” metallographic specimens. Lacking suitable etchants
the observations of these structures werce limited to the shape, size, and distribution of the
Si particles, the cutectic ¢ phase appearing only as a structureless matrix. Thus, the
limited metallographic evidence has not permitted a complete understanding of the solidifi-
cation of these alloys, and no definitive study of this eutectic solidification process has
appeared in the literature.

Some of the characteristics of the solidification process have been examined 1n pre-
ceding reports (3,5) on the redetermination of tne Al-Si cutectic composition (12.7 w. o Si
at 577.2°C) and the morphology of the phases of the alloys of this system. The reluctance
of the primary o phasc to nucleate and grow in the supersaturated liquid has heen
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demonstrated in the data for the hypoeutectic liquidus determination (3). In this work
specimens which were held isothermally at temperatures 3° to 3°C below the liquidus for
30 to 60 minutes failed to reach equilibrium because of the sluggishiess of the o nucleation.
The nucleation of primary Si, on the other hand, was iound to occur so rapidiy \hat moder-
ately fast quenching failed to suppress this precipitation completely. The details of the
growth ¢f the primary phases and their roles in the eutectic transformation, as revealed

in the microstructures of a variety of alloy compositions, have been £xamined by means of
special metallographic techniques. These observations (5) show that eutectic Si grows
from the surfaces of priinary Si, but eutectic a is not formed by the continued growth of
primary a.

EUTECTIC UNDERCOOLING

From the metallographic evidence presented in these reports, it would appear that the
presence of primary Si in the liquid sample should facilitate the initiation of the eutectic
solidification. The observed undercooling preceding the eutectic in a series of alloys of
varying silicon content shows that primary Si is very effective in initiating the eutectic.
These data, plotted as a function of the cooling rate, are presented as Fig. 1. This figure
includes the data from the small specimens used in a study of the phase diagram (3) and
data obtained by the repeated remelting of somewhat larger samples cf a 10.0 to 10.3 w/o
Si alloy and those of a 12.8 to 13.0 w/0 Si allcy.
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Fig. 1 - Eutectic underceosiing as a function
of cooling rate for a series of Al-5i alloys

Since the measurements of the undercooling were obtained by means of a centrally
located the.mocouple (Pt-Rh13), which can only seénse the temperature at its hot junction,
these measurements cannot be expected to define the true temperature at the site of the
initiation of the eutectic transformation because in the general case this site must be
assumed to be at some dist.nc2 from the thermocouple bead. The disparity between the
measured temperature and the actual temperature a! the transforming site will naturally
be greater the larger the specimen and the more rapid the cooling rate. Even under
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standardized geometrical and thermal conditions, the observations will vary with changes

in the distribution and population of eutectic sites within the specimen. As a consequence,
scatter is to be expected in these data. This scatter is fully realized in the undercooling
measurements shown in Fig. 1, but it is not great encugh to mask the true effect of the
primary phases ir limiting the undercooling. The hypereutectic alloys, indicated by upright
triangles in the iigure, show very little undercooling even at rather rapid cooling rates.
Hypoeutectic alloys, the open circle, show greater undercooling at comparable cooling rates.
The eutectic alloy, the filled circle, shows much greater undercooling than any of the other
alloys.

Only two data points from an alloy of eutectic composition are shown in the Eutectic
field of Fig. 1. Most of the other points in this field, the inverted triangle, are from the
repeated remelting ¢f » number of specimens of a slightly hypereutectic alloy. The data
from a sequence of remelts of one of these specirens, indicated by the small numbers
adjacent to the data points, show a 3°C undercooling after the first remelting. After four
remelts this had increased to more than 7°C. Similarly, the remelting of specimens of .
alloys containing 13.03 and 13.f/ w/0 Si increased the undercooling in these, thus moving
the data points (upright triancies) from the Primary Si field to the Eutectic field. This
change in the undercooling on remelting was not observed in the higher silicon alloys or
in the hypoeutectic alloys. £.11 the data points {rom the repeated remelting of the 10 w/o Si
alloy specimen remained wi_hin the region designated as Primary « a..d no trend toward
increasing or decreasing undercooling was evident in these data.

The foregoing observed change in undercooling of the slightly hypereutectic alloys
was caused by segregation of Si through floatation of primary Si particles in the liquid
alloy. The initial specimens, being quench-cast, were essentially free of large idiomor-
phic primary Si particles, and, as a result of the rapid solution of these, very little segre-
gation was produced on melting for the first measurements of the undercooling. During the
slow cooling of this first experiment large idiomorphs oi Si were formed, but since these
alloys were of high purity, almost all of these were grown and anchored at the specimen
surfaces. On remelting some of these surface Si particles became detached through partial
solution and floated to the top of the specimen. Through the floatation of primary Si during
remelting, a nonhomogencous liquid was produced, and when the process was repeated many
rimes, the liquid in the lower section of the specimen approached the eutectic composition.
Thus, the observed undercooling in these alloys tended to increase with repeated remelting
and move trom the Primary Si field to the Eutectic field (Fig. 1). In the high silicon alloys,
this effect is not evident after one or two remelts because the required segregation had not
been achieved. In more impure alloys where much heterogeneous nucleation of the primary
Si phase occurs in the body of the liquid, this effect would be much more pronounced than in
these alloys where the specimen surface affords the cnly effective sites for heterogeneocns
nucleation.

EUTECTIC SOLIDIFICATION
The Role of Primary Si

The above interpretation of the undercooling data of Fig. 1 is substantiated by micro-
structural observations. As shown in Fig. 2, eutectic Si plates are frequently observed to
grow {rom the surface of primary Si particles. The orientations of some of the plates,
which are not connected to the primary particle in this plane of polish, suggest that these
also originated at the primary surface even though not all of the primary & particles show
this high population of eutectic growth in each plane of polish.

The primary Si particles chemically extracted from the alloys failed to show extensive
development of eutectic plates, but this observation may merely attest to the fragility ci
these thin eutectic plates which may have Leen broken from the primary surface during
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Fig. 2 - Eutectic Si plates grown from the
surface of a primary 5i 1diomorph, etched
with modificd CP-4, 240X

extraction, washing, or handling. Figure 3 shows the complex surface structure of an
extracted primary Si particle. White areas in the foreground of the sketch* are sections

of the particle exposed in a metallographic plane of polish before the particle was extracted
from the alloy. The lines in these areas were delineated by the CP-4 etch applied to the
mectallegraphic specimen. A number of small projecting plates are seen on the growth
surfaces of this primary Si idiomorph. These may be the stumps {rom which the eutectic
nlates ygrew. The population of these projecticns on the surfaces of idiomorphic Si particles
is s low that the probability of observing more than a few of these in any section of the
structure 1s very small. The orientation dependence of Si plates adjacent to a primary Si
particle is much more readily detected in the microstructures because these plates, narrow
at the junction with the primary particle, are broad and long.

Since eutectic Si has been shown to grow and take its orientation from primary Si
particles, the undercooling required for the initiation of the eutectic in hypeseutectic alloys
is small. With increasing silicon content, the obs rved undercooling decreases bhecause the
number of sites, and thus, the probability of initiating the eutectic structure increases.

* Because of the limited depth of focus of the metallograph, it was necessary to sketch the

particle of Fig, 3a in order to show the details of the various faces,



3a - Skctches of the Si pa'r‘/!”icle . ib - Photograph of the large surfacs
. _ ihoum in 3a, 200X -
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plates do grow from the primary particles of thin phase {Fig. 2). Anodized specimens
L - have revealed a distinct boundary between the primary and rutectic a prases (Fig. 4)
oL © indicating that the'eutectic graing-are not {ormed by the conllnued growth of the primary a. - e
The examination of these etched microstructures has also shown that the:Si plates usually -
span the a grains of the eutéctic and not infrequently pass th:ough more than one of these ,
graing. A photograph of the top surface of a specimen of a 13 w/0 8 alloy (Fig. b) illus-
trates more \learly than the randcxm-section-afforded by mel:dlography thé growth of
1.eutectic Si fro.a a primary particle, the dendritic or branched form - the eutectic plate
structure, 4nd +he continuity in this network of fine Si plates. From these observations, it
seems reasonable to conclude that the §f phase dominates in determining the eutectic .
sfructure. It not only nucléated easily, but it grows raptdly afd projects afigad ot the™ === -~ === oo
eutectic ¢ phase into the liquid. The o phase, requiring greater supersaturation for nucle.
ation, forms on thie stdes of the eutectic Si plates and grows along these plates. Under nor-  __ L
mal solidificatéin conditdons it does not overtake the growing edge of the Si plate, The fine
B grain size of thJ eyutectic @ results from the branched growth of the Si plates. These
"7 plates effectivel ' restrt:t the growth of the eutectic ¢ grains so that the continuation of
the eutectic solindfication requires the renucleation of the a phase among the Si branches.
Since there 18 very liitle evidence of any preferred orientation relationship between the Si
and the g phases, the eutectic @ grains show random orientations.

Fly. 5- Top aurface of a 13 w/o Si alloy specimen e Lo
thwmg primasy and eutectic Si, 400X Tt T o :

' QUENCHED STRUCTLTiEb o e

Photomlcrograplu ol' we‘lected areas of a specimen o! 413 w70 §i alloy are presemed i
in Figs. 6, 7, and 8. “~ms alloy was slowly cooled to the éutectic, allowed partially t¢
solidify lsothermalIy, drd then quenched.- The origin of the structures found in this sample
. can be adequately expldired in terms of the proposed mechantsm of solidification. Since -
- oo o=- - - alarge pumhor of evenis are depicted in each of the photomierographs and dince the per- .
" spective provided by the plane of polish is biased, not all of the aspests of the transforma- -
ton are equally well represented.’ These figuras do, however, p:vsem a reasonabie view
of the variety of structares observed in the la.rge number of sampiesexammed in this

resﬂarch - et e
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Fiz, b - A section of a 13 w/o S1 ali0y specimen quenched ~ = s —==
aftee partial solidification at thesutectic temperature, : R
B anadized, bright field slluminardn, 40X
.

A - .. _ Fig, 7 - Long Si platea formed at the cutectic: liquid interface k
" during th¢ quench, Fame-specinen as -Fig, 6, 80X .o
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- Fig, B - o mangies surrourdipg primary Si
idigimoryphs, 7?.c sgecsrren as Fig, o, 40X
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The cutectic structure formcd/ﬁsothcrmally around the fdicmorphic Sy particle of Fig. £
is typical of the abrormal cutectigh. There is no extens.ve mastle of o ahout the primary

;

T : - particle,.ard, even in the recessgs of this §i particie, there isino divorcement of the cutecs

tic phases. Because of the comglex form of this partirle, the-erientation dependence of
cutectic §1 about the primary phrticle is rot easily re:ogniz:d in.this photomicrograph.
_However, the continuity ol €onfe of these plates with the primary particle is clear, Buyond
the usual eutectic structure 9 zene is faund whizh containg/leng plates of Si. These plates
are promincnt because they sire delincated by mantles of § 1n a background of finc cutectic
structures. This zone mar]{s the locat:on of the interfave hEetween the cutedtic structure
and the liquid at tha time ¢f querching. As the rate of Leat extraction inereased, the cutec-
tic 81 plates projecting 'alfg'gd of their @ manties at the existing interface grew rapidly into
the supereooled liquid arfd.produced these long plates: Since a large temperature gradient

- T ——————was-qaickly-established‘alony these plates, the prubability of cufectic g nuckeatnig vn these -
surfaces was high ard # mantles developed rapialy oimugirto-stifle-almost.comnletely, the

natural branching of t¥is euteclic §i. The structure of Fig. 7, showing the arca between twn
- impinging growth cuivers, contains a number of these long St plates and illustrates the decyp
peretration of these ‘nto the liquid.

The_growth of _{zﬁese long 8i plates was terminated:when the rate of heat extraction
became large enowjh to permit the growth of the aymantles to overtaxy the Si plates. The
mantles enweloped the Si plates, and the ewtectic-Snlidification beyord this stage required
the renucleation ¢fthe Siphase; growth of the'e mantles provided the» equired regions of

- high silicon conc;’mrahon to assist this repdcleation. The structure which emanates from
-~ =--- -:.-these sites has the appearance of a normil lamellar eutectic. Thus the conditions at these

sites must be Suih that {he nucleationund-growth-ratos of the p and §j phases are ncarly _ .. -

equal. In this manner, all of the liquld which'was left behind the ill-defined solidifféation
frent was finally frozen as a fine, almost lamellar, structure. Beyord the zone containing
the long Sl plates in Fig. 6, tho'eutectic becomes increasingiy fine, and finally, ‘o dendrites

— o
e e



appear as the primary phase in the structure. The formaticn of {ine a derdrites indicates = . . .
that the liquid in this region had undertooled to such a low temperature that the probability )
of @ nucleaticn exceeded that for Si.  As might be expected the rate of nucleation of o was
not large, The dendrites, thin because the accumulation of silicon in the liquid during .
 growth initiated the eutectic, are very long., Usually these o dendrites éan be traced back
" to the surface of the specimen. Those shown in Fig. 6 appear to haveé 6riginated at the sur-
face of the specimen in a region which was free of solids at the time of the quench. The
area shown in this figure includes the zone of impingement of this structure and that orig-
maurg from the isothermal-eutéctic atructure.

At'one site near the béttom of thls same specimen a nutaber of primary 81 particles co-
were ohserved which were probably largely surrounded by iiquid at the time of the quench.
- __._._._.+__ Thestructure which formed {n this region is shown in Fig, 8. As a result of the rapiddrep_ . B
) -- -in.temperature at this surface site durtng the quench, the development of the usual eutectic

structure Was suppressed. Eutectic Si was nucleated at only a few preferred sités on the

surfaces of the primary Si particles before the undercooling became great, enough to aliow

the nucleation of the eutectic @ phase in the silicon-lean liquid at these surfaces, Though

not complete, the envelcpment of the primafry Si by a is extensive, A fine eutectic struc-

ture formed in the few areas where eutectic Si particles penetrated the depleted layer

before envelopment by a. The formation of an extensive a mantle about primary 8i occurs

only when great undercooling is achieved by rapid cooling; n 18 not a part of the normal

cutectlc solidification process, ) L :

_ I ;Qn the rather smoath surfaces af the idinmmnhlc & uaruclpq _extracted from. slowlmT _
cooled hy-pereutecuc alloys, fine retworks of lines were a'ways observed, This cellular -
pattern is shown in the photograph of Fig.- 3 and has befn accentuated in the sketeh (Fig 33y~ —

. Since the Size dnd shape of the cells-of- thili pattern match those of the eutectic g grains in

slowly cooled specimens, this network of Unes is viewed as an imprint of the eutertic @
graing cn the idiomoxphic Si surface. This network, however, shows very little corre-
spondence to the other growth features of the primary S: surface. As 2 result, it 18 pro- <
. foscd that the eutectic @ grains which produced these markings were rot nucleated on.
this surface, but rather that these grains were nucleatcd on the eutectic &1 plates wmch
grew {rom or arcund this surface. These grains then grew to 1mpmge upon ard Smpress
- their cutlines on tl-c surfacc of the primary §i particte- - 5 ST

The aurraccs of Si ld\omorphs which became enveloped by a durtug rapid coolng

did rot ghow this cellular structue;,the\only growth paltern visibie on theae surfaces

were very {ine striaticns and dendritic ridges. Striations and ridges similar to these are

ghown underlaying the cellular pattern on ths. Slowly cooled 8i particle of Fig. 3b. An

examiration of arodized metallographic ¥pecimens containing o -enveloped primary St

(Fig. 8) revealed that the @ mantles were very coarsé grained. In most cases only two

or three a .graing were detected tn the entire sheath surrounding each §i particle in these

sections, Thus, in forming the a envelope, nucleation must only occur at a very few sites—— 7~

== m=————— otk prinmary-St-aurfave—Tirc o graing growirg from these surface sitesspreagatong- ——————
the surface of the tdiomorph and, as a re&ult, ao cellular gram boundary pattern is
impreseed on these surfaces.

) SUMHAP"—— - , o i -
“The formation of the abnormal ewfectic strecture in Ai-§i alloys is the result of the
djsparxty in the nuclealion and growth characteristios of the constituent phases. The
eutectic Si phase not only nucleates readily, but it grows rapidly into a branched-plate
_ structure. Tite nucleation of the o phase, requiring a rather high supersaturation of the
i e — liguid, o rolorded.and. 299 rosult, thig phade exorlg.very-little-conteol-in-the Saliditieation=—.— - - -~
’ : process. Since the euteclic §i phase projects ahead of !.he €utectic solid into the lquid, the
eutectic_a phase is relegated 10 the role of forming the matrix around the existing §i plates.
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The eutectic 2 grains are nucieated on the surfaces of the Si plates and grow along them.'
At slow growth rates, the a-grains seldom overtake, &he leading edges of these plates.
With increased cooling rates, the disparity betweer the growih kinetics of the two phases )
18 reduced, and with sufficiently rapit cooling. tliey may become nearly equal. When this R o
_ latter condition is achteved,. the branching ef the cutectic 8i-is:effectively suppressed by D .
the growth of the eutectic & ar(l a rather normai lamellar structure is formed.
In the slowly ccoled au0ys.,u:e brancmng of the eutectic 8i phase e!fecﬁvely restricts’
--— -'the growth of the eutectic g phaBe. Sinte the continued growth of the eutectic a requires
the renucleation of the ¢ phase beyond the obstructing Si plate and since no. preferréd
orientation relationship between the a and Si appears to exist, the eutectic a grains of the
matrix are small and randomly ortemed. o L U

" The role of me primary phases in initiating the eutectic structure has been examined
by thermal analysis ard by metallography. The¢se observations indicate that eutecttc §f
does grow {rom the surfaces of primary S§i particles, ard thus, these particier-are very -
effective in initiating the eutectic solidificatior. Eutectic a does rot grow:from the sur- .
faces of the primary g dendrites. Thc piogence of primary « in the alloy assints the for-
mation of the eutectic-only indirectly throughthe creation of 2 hquld layer supersaturated
with slucon adjacent to the growing a dendriles -

e The develcpmem of extensive o mantles around primary Si pamcles has teen found R
’ to acqur.only when great Lmdercooling is achleved by rapld coolmg They are not present BT S S

YA — == —

—tn-th “"“"“"‘“’»f}f -glowiy eooled- -.uuy:!. =
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